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In eucaryotes, glycolytic enzymes are classically regarded as being localised in the cytosol. Recently, we have shown that part of the
cellular pool of the glycolytic enzyme, enolase, is tightly associated with the mitochondrial surface in the yeast Saccharomyces cerevisiae
(N. Entelis, I. Brandina, P. Kamenski, I.A. Krasheninnikov, R.P. Martin and I. Tarassov, A glycolytic enzyme, enolase, is recruited as a
cofactor of tRNA targeting toward mitochondria in Saccharomyces cerevisiae, Genes Dev. 20 (2006) 1609-1620). Here, using enzymatic
assays, we show that all glycolytic enzymes are associated with mitochondria in yeast, to extents similar to those previously reported for
Arabidopsis cells. Using separation of mitochondrial complexes by blue-native/SDS-PAGE and coimmunoprecipitation of mitochondrial
proteins with anti-enolase antibodies, we found that enolase takes part in a large macromolecular complex associated to mitochondria. The
identified components included additional glycolytic enzymes, mitochondrial membrane carriers, and enzymes of the TCA cycle. We
suggest a possible role of the enolase complex in the channeling of pyruvate, the terminal product of glycolysis, towards the TCA cycle
within mitochondria. Moreover, we show that the mitochondrial enolase-containing complex also contains the cytosolic tRNACUU
Lys , which is
mitochondrially-imported, and its presumed import carrier, the precursor of the mitochondrial lysyl-tRNA synthetase. This suggests an
unsuspected novel function for this complex in tRNA mitochondrial import.
© 2006 Elsevier B.V. All rights reserved.Keywords: Enolase; Mitochondria; Saccharomyces cerevisiae; tRNA importAbbreviations: ACA, α-amino-n-caproic acid; ACN, acetonitrile; Bis-Tris,
N,N-bis (hydroxyethyl)-N-N-N-tris-(hydroxymethyl)-aminomethane; BN-
PAGE, blue-native polyacrylamide gel electrophoresis; EMC, enolase-contain-
ing mitochondrial complex; ENO, enolase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GPM, phospho-glyceromutase; MIM, mitochondrial
inner membrane; MOM, mitochondrial outer membrane; OXPHOS, oxidative
phosphorylation; preMsk1p, precursor of the mitochondrial lysyl-tRNA
synthetase; RT-PCR, Reverse-Transcription PCR; tRK1, tRNACUU
Lys partially
imported into mitochondria from cytoplasm; tRK2, cytoplasmic tRNAUUU
Lys ;
VDAC, voltage dependent anion channel (mitochondrial porin, Por1p)
☆ Names of genes/proteins are given according to the standard nomen-
clature for yeast and can be found on Saccharomyces Genome Database
(www.yeastgenome.org).
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Mitochondria are essential organelles of eukaryotic cells
performing a wide range of metabolic functions, beyond their
critical bioenergetic role in supplying ATP. There is an
increasing appreciation that optimal mitochondrial function
requires a precise higher order organisation of proteins into
functional complexes. While multi-subunit catalytic complexes
are well established (the complexes of the mitochondrial
respiratory chain are some of the most well studied complexes
of this type [1]), the extent to which higher order complexes are
prevalent is less well appreciated. There also appears to exist
cytosolic complexes that are associated with the mitochondrial
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associated hexokinase forms a regulatory complex with
apoptotic proteins [2]. In addition, using a combination of
proteomic analysis and enzymes activity assays on a highly
purified mitochondrial fraction, the entire glycolytic pathway
was shown to be present on the surface of Arabidopsis
mitochondria [3]. This association was confirmed to exist in
vivo for enolase and aldolase. The active state of the glycolytic
enzymes on the mitochondrial surface was demonstrated by
enzymatic assays with isolated organelles. This micro-compart-
mentalisation of glycolysis was proposed to play a role in the
channelling of pyruvate towards the mitochondria [3].
An association of glycolytic enzymes with mitochondria in
yeast was also reported in three recent studies, but their presence
was considered to result from cytosolic contamination ([4–6].
In another work, four subsequent glycolytic enzymes (from
glyceraldehyde-3-phosphate dehydrogenase to enolase) were
found after resolution of yeast mitochondrial complexes by
colourless native PAGE, but were also dismissed as contamina-
tion [7]. In a large-scale proteomic analysis of yeast multi-
protein complexes, four glycolytic enzymes (Eno2p, Fba1p,
Tpi1p, and Pgk2p) were found to be components of a
cytoplasmic complex [8]. Such a higher order organisation of
glycolytic enzymes may play a functional role in metabolite
channelling.
Mitochondria import not only metabolites from the cyto-
plasm but also macromolecules such as proteins and RNAs (for
reviews, see [9,10]). Whereas protein import mechanisms are
rather well understood nowadays, the mechanisms by which
RNA can enter mitochondria remain far less clear. Import of
nucleus-encoded RNAs has been identified in phylogenetic
groups as diverse as protozoans, fungi, plants and animals, and
this pathway can now be considered as quasi-universal [10]. In
the majority of cases the imported RNAs are cytosolic tRNAs.
The number and type of imported tRNAs vary from one
organism to another, ranging from one or two tRNA species in
yeast ([11,12]) to up to a dozen in plants and to a full
complement in trypanosomatids, which totally lack mitochond-
rially-encoded tRNAs [13].
In the yeast Saccharomyces cerevisiae, one of the two
cytoplasmic lysine isoacceptors, tRNACUU
Lys (further referred to
as tRK1), is partly imported into mitochondria whereas the
second, tRNAUUU
Lys (tRK2), is not imported. The import of tRK1
requires both external and internal ATP, the electronegative
potential across the mitochondrial inner membrane, an intact
mitochondrial protein import machinery, and soluble cytosolic
protein factors [14]. Two of these factors have been identified as
the cytoplasmic and mitochondrial lysyl-tRNA synthetases
[15]. The cytoplasmic enzyme, Krs1p, is required for amino-
acylation of tRK1 (which is a prerequisite for its import)
whereas the precursor form of the mitochondrial synthetase,
preMsk1p, is likely to act as a carrier for translocation across the
protein import channel. The two lysyl-tRNA synthetases are
however not sufficient to drive tRK1 import. Recently, we
identified the glycolytic enzyme enolase as an additional
essential tRK1 import factor [16]. We showed that enolase is
able to recognize the imported tRNA and to favour its binding topreMsk1p. We also found that a fraction of the cellular enolase
pool is tightly bound to the mitochondrial outer membrane [16].
We thus hypothesized that this mitochondrial targeting of
enolase was exploited for delivering tRK1 to preMsk1p, which
is synthesized in the periphery of mitochondria. These findings
shed new light on tRNA mitochondrial import mechanisms and
establish a link between two pathways, glycolysis and tRNA
import, previously thought to be independent.
To investigate whether other glycolytic enzymes are also
associated with mitochondria in yeast cells, we measured their
enzymatic activities in purified mitochondria preparations.
Moreover, we characterized mitochondrial enolase-containing
complexes by using two proteomic methods: blue-native
polyacrylamide gel electrophoresis (BN-PAGE) and immuno-
precipitation with antibodies against enolase. These approaches
allowed us to identify mitochondrial proteins interacting with
enolase including RNA-binding proteins, mitochondrial trans-
porters and metabolic enzymes. This complex also included the
imported tRNA and its carrier protein, preMsk1p. A possible
role of the enolase-containing mitochondrial complex in the
targeting of pyruvate towards mitochondria and in tRNA
mitochondrial import is discussed.
2. Materials and methods
Standard chemicals for electrophoresis and mitochondrial preparation were
from Sigma (Sigma-Aldrich, Inc.), Serva (Heidelberg, Germany), Roche
Molecular Biochemicals (Mannheim, Germany). Antibodies used in this work
were against mitochondrial porin Por1p, the ADP/ATP translocator Aac2p,
aconitase Aco1p, and the mitochondrial HSP70/Ssc1p (gifts from R.Lill, Univ.
Marburg, Germany), aldolase Fba1p (sc-12059, Santa Cruz Biotechnology,
CA), human α-enolase (C-19:sc-7455 Santa Cruz), subunit II of cytochrome c
oxidase Cox2p (sc-23986, Santa Cruz), preMsk1p (kindly provided by A.
Tzagoloff, Columbia Univ., USA), 3-phospho-glycerate kinase Pgk1p (Mole-
cular Probes, Invitrogen), and anti-goat, anti-mouse or anti-rabbit antibodies
(Calbiochem, Merck, Germany).
2.1. Isolation of mitochondria
The Saccharomyces cerevisiae strain YPH501 was grown to logarithmic
phase in YPEG medium (1% yeast extract, 2% bacto-peptone, 3% glycerol, 2%
ethanol) containing 0.5% of glucose. Mitochondria were isolated as previously
described [17]. A crude mitochondrial fraction was obtained by shaking cells
with 0.5 mm sterilized glass beads in breakage buffer BB (0.6 M Sorbitol, 1 mM
EDTA, 10 mM Tris–HCl pH 6.7, 0.3% BSA). Cell debris and membranes were
discarded after low speed centrifugations at 4000×g for 5 min. After
centrifugation at 20,000×g for 30 min, the post-mitochondrial supernatant
was separated from the mitochondrial pellet and frozen in liquid nitrogen for
further enzymatic assays. Contaminating membranes were further eliminated
from the mitochondrial pellet by sucrose step-gradient (1.8 M–0.6 M in BB
buffer) centrifugation at 20,000×g for 30 min. The mitochondrial fraction,
located at the interface of the two sucrose layers, was used for further analyses.
For western analysis, proteins from the post-mitochondrial supernatant, from
the crude mitochondrial pellet and from mitochondria purified on sucrose step-
gradient (20 μg, from each) were separated on 10% SDS-PAGE and
electroblotted to a Protran-P membrane (Schleicher and Schuell, BioScience,
Germany) using 4 mMTris, 32 mM glycine, 0.01% SDS, 20%methanol for 12 h
at 100 mA at 4 °C. Commercial antibodies against glycolytic enzymes (yeast 3-
phospho-glycerate kinase and human α-enolase) and mitochondrial proteins
(yeast mitochondrial porin, aconitase, and subunit II of cytochrome c oxidase)
were used. The secondary antibodies were anti-goat, anti-mouse or anti-rabbit
IgG. The ECL-Plus Western Detection kit (Amersham GE Healthcare, UK) was
used for detection.
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All glycolytic enzyme activities were measured by a spectrophotometric
assay that relies on coupling the particular enzymatic step to the appropriate
NAD+- or NADP+-linked reaction, with the use of commercially available
enzymes, according to ([18,19]). The assay conditions are listed in Table S1
(Supplementarymaterial). The absorbance of produced/oxidizedNAD+/NADP+
was measured at 340 nm and background absorbance measured in negative
controls (without substrate) was subtracted from positive absorbance values.
Triplicate samples with different amounts of purified mitochondria or of post-
mitochondrial supernatant were used. Enzymes activity is expressed as nmoles
NADH/NADPH×min−1 generated or oxidized in the assay. The activity of
mitochondrial citrate synthase was measured as described [20]. Cytochrome c
oxidase activity was measured as ascorbate (5 mM), cytochrome c (25 μm)-
dependent O2 consumption in the presence of 0.05% (w/v) Triton X-100, as
described [21]. A Clark-type O2 electrode was used, and the reaction medium
(1 ml) contained 20 mM KH2PO4, 0.2 M mannitol, 100 mM TES–KOH pH
7.5, 5 mM MgCl2 and 0.1% (w/v) bovine serum albumin. Alcohol
dehydrogenase activity was measured as described [22].
Enzymes activities were also measured in yeast sphaeroplasts and in
mitoplasts. Spheroplasts were generated by treatment of cells with Zymolyase-
20T (Seikagaku Corp., Tokyo, Japan), 20 mg/g of cells, as described [23]. To
obtain mitoplasts, 1 mg of mitochondria were treated by 20 mM HEPES–HCl
pH 7.0 for 10 min, sorbitol was added till 0.6 M and centrifugation was at
14,000×g for 5 min. Obtained mitoplasts were washed twice by buffer BB and
used for enzymatic assay.
2.3. Separation of yeast mitochondrial complexes by blue native
electrophoresis
Mitochondrial complexes were separated by BN-PAGE as described
[24,25]. For this purpose, 500 μg of mitochondrial proteins were solubilized
in lysis buffer (750 mM aminocaproic acid (ACA), 50 mM BisTris, 0.25 mM
EDTA) containing either Triton X-100 or Nonidet-P40, or n-dodecyl-β-D-
maltoside, or digitonine (detergent to protein ratio 1:1, v/w), by incubation on
ice for 45 min. Samples were centrifuged at 60,000×g for 30 min, and the
supernatant was used for immunoprecipitation or BN-PAGE analysis.
For BN-PAGE, the supernatant was suspended in 5% w/v Coomassie
Brilliant blue G-250 (Serva) in 500 mM ACA, and proteins were separated on a
5–10% gradient gel. The gel buffer comprised 500 mM ACA and 50 mM
BisTris, anode buffer–50 mM BisTris, cathode buffer–50 mM tricine, 15 mM
BisTris and 0.02% Serva Blue G-250 for the first hour of run and then was
changed against buffer containing 0.002% Serva Blue. Molecular Weight
Standards (High Molecular weight calibration kit, Amersham GE Healthcare,
UK) was used. For the second dimension 10% SDS-PAGE, a lane of the first
dimension BN-PAGE was excised and treated with 1 M Tris pH 6.8, 10% SDS,
1% β-mercaptoethanol for 30 min at room temperature.
For immunodetection, proteins from a lane of the first dimension BN-PAGE
or from the gel after 2D BN/SDS-PAGE were electroblotted on a nitrocellulose
membrane, Protran-P and processed as described above (Section 2.1). Staining
of proteins was performed with 0.1% Amido Black in 20% methanol, 10%
acetic acid. For revelation of enolase-containing complexes, commercial
antibodies against human α-enolase were used. The secondary antibodies
were anti-goat IgG. The ECL-Plus Western Detection kit (Amersham GE
Healthcare, UK) was used for detection.
2.4. Purification of enolase containing complexes by
immunoprecipitation
Mitochondrial proteins (1 mg) were solubilized by 100 μl of 10% (v/w)
Triton X-100 in 750 mM aminocaproic acid, 50 mM BisTris, 0.2 mM EDTA,
as described above for BN-PAGE, in the presence of 1 mM PMSF and a
cocktail of protease inhibitors (“Complete EDTA free”; Roche Diagnostics).
Unsolubilized membranes were pelleted by centrifugation at 60,000×g for
10 min, and the supernatant was pre-cleared by incubation for 1 h at 4 °C
with a slurry of 50% Protein A-Sepharose CL 4-B Fast Flow (Amersham GE
Healthcare, UK) by gently mixing tubes fixed on a rotating wheel. Aftercentrifugation for 20 s at 12,000×g, the supernatant was incubated for 1 h at
4 °C on a rotating wheel with antibodies against human α-enolase, then
mixed with Protein A-Sepharose beads and further incubated for 1 h at 4 °C.
As negative controls, reactions with Protein A-Sepharose beads without
antibodies or with anti-goat IgG were performed. Immobilized complexes
were washed 3 times with lysis buffer at 4 °C, once with 50 mM Tris pH 8.
Proteins were eluted by incubation of the beads with reducing buffer (1%
SDS, 100 mM DTT, 50 mM Tris–HCl pH 7.5, 0.1% Bromphenol Blue, 10%
glycerol) at room temperature (25 °C) for 10 min [26], and separated by 10%
SDS-PAGE followed by silver staining compatible with mass spectrometric
analysis [27]. Protein bands were excised and preceded for mass spectrometric
analysis. Alternatively, after SDS-PAGE separation, immunoblotting was
performed with antibodies against enolase, aldolase, mitochondrial porin and
Msk1p. To analyse the efficiency of enolase recovery from immobilized
antibodies, 2 μg of recombinant 6His–Eno2p (obtained in E. coli) were
proceeded for immunoprecipitation as described above, and eluted by either
reducing buffer at room temperature or heating the beads at 95 °C during
5 min in 2× loading buffer (see Fig. S1 in Supplementary material).
2.5. Mass spectrometry identification
2.5.1. In-gel digestion
Each picked silver-stained lanes was destained with 0.2% potassium
ferricyanide in 0.02% sodium thiosulphate and then rinsed with milli-Q water.
The gel pieces were then submitted to the preparation process for in-gel digestion
as described [28]. Gel fragments were washed with 25 mM NH4HCO3 and
dehydrated with acetonitrile (ACN, Sigma). These operations were repeated
twice and the gel pieces were dried under vacuum for 10 min before reduction
(10 mM DTT/25 mM NH4HCO3 buffer at 56 °C, 1 h) and alkylation (25 mM
iodoacetamide/25 mM NH4HCO3 buffer at room temperature, protected from
light, 1 h). Afterwards, gel spots were again washed 3 times for 5 min with
alternately 25 mM NH4HCO3 and ACN. Following vacuum-drying, the gel
pieces were dehydrated by three volumes of trypsin (Promega, V5111) in 25 mM
NH4HCO3 buffer and incubated overnight at room temperature. Tryptic peptides
were extracted from the gel by sonication for 30 min in 35%H2O/60% ACN/5%
HCOOH.
2.5.2. MALDI-MS analysis
Mass measurements were carried on a BIFLEX III™MALDI-TOF (Bruker
Daltonics, Germany) equipped with the SCOUT™ High Resolution Optics with
X–Y multisample probe and girdles reflector. This instrument was used in
positive ion reflector mode at a maximum accelerating potential of 19 kV. A
saturated solution of α-cyano-4-hydroxycinnamic acid (Sigma, Saint Louis,
USA) was used as a matrix. Mass spectra were internally calibrated with trypsin
autolysis peaks (m/z=842.510 and m/z=2211.105). Monoisotopic peptide
masses were assigned and the peak list transferred through MS BioTools™
program (Bruker Daltonics) as input to search against the NCBI protein Database
using MASCOT software (Matrix Science, UK). Up to one missed tryptic
cleavage and optional methionine oxidation was considered and the mass
accuracy was limited to 100 ppm.
2.5.3. Nano LC-MS/MS analysis
Nano LC-MS/MS analysis of the digested proteins were performed using a
CapLC capillary LC system (Waters, Altrincham, UK) coupled to a hybrid
quadrupole orthogonal acceleration time-of-flight tandem mass spectrometer
(Q-TOF Micro, Waters). The sample (5 μL) was first loaded, concentrated and
cleaned up onto a C18 PepMap precolumn cartridge (LC Packings) and then
separated on-line by the analytical reversed-phase capillary column (Pepmap
C18, 75 μm i.d., 15 cm length; LC Packings) under a 200 μL min−1 flow rate.
The gradient profile used consisted of a linear gradient from 97% A (97.9%
H2O/2% ACN/0.1% [v/v] HCOOH) to 95% B (98%ACN/1.9%H2O/0.1% [v/v]
HCOOH) in 45 min followed by a linear gradient to 95% B in 3 min. Internal
calibration was assumed by the Lockspray module (Waters) that switches to the
reference source (leucine enkephalin M2+=556.2551 m/z) every 10 s during the
acquisition run. The spray system (liquid junction) was used at 3.6 kV. Mass data
acquisitions were piloted by MassLynx 4.0 software (Waters). Nano-LC-MS/
MS data were collected by data-dependent scanning, that is, automated MS to
MS/MS switching. Fragmentation was performed using argon as the collision
Fig. 1. Estimation of the degree of mitochondria purification byWestern analysis
using antibodies against different protein markers. Equal amounts of protein
(20 μg) from the post-mitochondrial supernatant, the crude mitochondrial pellet
andmitochondria purified by sucrose step-gradient centrifugation were separated
by SDS-PAGE, transferred to a Protran-P membrane and immunodecorated.
Antibodies used were against the glycolytic enzymes 3-phosphoglycerate kinase
(Pgk1p, 44 kDa) and human α-enolase (Eno1/2p, 46 kDa), the mitochondrial
outer membrane porin (Por1p, 30 kDa), the inner membrane ADP/ATP
translocator (Aac2p, 34 kDa), the inner membrane subunit II of cytochrome c
oxidase (Cox2p, 28 kDa) and the matrix enzyme aconitase (Aco1p, 85 kDa).
Fig. 2. (A) Schematic representation of the glycolytic pathway. Pyruvate, the
final product of glycolysis, is transported into mitochondria. (B) The diagram
gives the percentages of mitochondria-associated glycolytic enzymes activities
in S. cerevisiae compared to Arabidopsis cells (the latter values were taken from
[3]).
1220 I. Brandina et al. / Biochimica et Biophysica Acta 1757 (2006) 1217–1228gas and with a collision energy profile optimized for various mass ranges of ion
precursors. 4 ion precursors were allowed to be fragmented at a time. Mass data
collected during a NanoLC-MS/MS analysis were processed automatically with the
ProteinLynx Process (Waters) module. Data analysis was performed with Mascot
(Matrix Science Ltd., London, UK) against NCBI (National Center for
Biotechnology Information) database with carbamidomethylation (Cys), oxidation
(Met), 0.25 Da mass error and one miss cleavage but without any taxonomy
restriction.
2.6. RT-PCR
RNA was eluted from mitochondrial enolase-containing complexes after
immunoprecipitation. For that, Protein-A Sepharose beads with immobilized
protein complexes were mixed for 10 s at 4 °C with lysis buffer, 10% SDS,
5 mM EDTA, 0.2% glycogen and RNAsine (Promega). Beads were spun at
14,000 g for 1 min, and the RNAwas recovered from the supernatant by phenol:
chloroform 25:24 (w/w) extraction and ethanol precipitation. The RNAwas then
submitted to RT-PCR using the following pairs of oligonucleotides (“f” for
forward and “r” for reverse): gccttgttggcgccatc (tRK1f), tggagccctgtaggggg
(tRK1r); and tccttgttagctcagtt (tRK2f), tggctcctcataggggg (tRK2r). Amplifica-
tion was done by using the single-step RT–PCR kit (Qiagen) in the following
conditions: 50 °C, 30 min; 95 °C, 15 min, 15 cycles at 95–55–72 °C, 10 cycles
at 95–58–72 °C and 5 cycles at 95–62–72° (each step for 1 min), with the final
step at 72 °C for 10 min. To check for the absence of contaminating DNA in the
RNA samples, control PCRs were performed in similar conditions as RT–PCR
but using Taq DNA polymerase.
3. Results
3.1. Functionally active glycolytic enzymes are present in
purified yeast mitochondria
To investigate whether glycolytic enzymes are present on the
surface of yeast mitochondria, we measured their activity in apurified mitochondrial fraction and compared it to their total
activity in the cell.
The degree of mitochondria purification was assessed by
immunodetection with antibodies to proteins from different
cellular compartments. For this, equal protein amounts from
the post-mitochondrial supernatant, the crude mitochondrial
Fig. 3. Separation of yeast mitochondrial complexes by two-dimensional blue
native gel electrophoresis. Mitochondria were solubilized by Triton X-100
(detergent/protein ratio 1:1, v/w) in the presence of 750 mM ACA. Proteins
were separated by BN-PAGE in the first dimension and by SDS-PAGE in the
second, electro-blotted on a Protran-P membrane and stained with Amido Black.
The four lower panels show immunostaining with antibodies against subunit II
of cytochrome c oxidase (Cox2p), aldolase (@Fba1p), Msk1p (@Msk1p) and
α-enolase (@Eno1/2p). EMC1-3 indicate the positions of enolase-containing
mitochondrial complexes.
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were separated by SDS-PAGE, followed by Western blotting
and immunodecoration. We used antibodies against proteins
from different mitochondrial subcompartments: mitochondrial
porin (Por1p) of the outer membrane, subunit II of cytochrome
c oxidase (Cox2p) and the ADP/ATP translocator (Aac2p) of
the inner membrane, and the matrix enzyme aconitase
(Aco1p). The membrane proteins, Por1p and Cox2p, were
not detected in the post-mitochondrial supernatant and were
more abundant in sucrose-purified mitochondria than in the
crude mitochondrial pellet (Fig. 1). On the other hand,
aconitase was detected in the post-mitochondrial fraction and
was more abundant in sucrose-purified organelles compared to
the mitochondrial pellet. This demonstrates that a significant
enrichment of mitochondrial proteins was archived in the final
mitochondria preparation.
Because glycolytic enzymes were always used as markers of
the cytoplasmic compartment (for an example, see [29]), we
used antibodies against enolase and 3-phospho-glycerate kinase
and found that the two enzymes were still detectable in the
purified mitochondrial fraction (Fig. 1). In fact, we have shown
that mitochondria-associated enolase behaves as an integral
outer membrane protein (see Fig. 4A–C in [16]). Here we
suggest that Pgk1p is also associated with yeast mitochondria
(Fig. 1).
The yield of mitochondria recovery after sucrose step-
gradient purification was estimated on the basis of recovery of
activity of the mitochondrial matrix enzyme, citrate synthase, in
the post-mitochondrial fraction (3150±400 nmol/min, reco-
vered from 1 g of yeast cells) compared to purified
mitochondria (310±30 nmol/min). On the other hand, we
found that the sum of citrate synthase activities in the post-
mitochondrial fraction (3150±400 nmol/min, recovered from
1 g of yeast cells) and the mitochondrial fraction (310±
30 nmol/min) is very similar to the activity detected in yeast
spheroplasts (3370 nmol/min) and thus can be used to
estimate the total cell activity. The deduced efficiency of
mitochondria isolation was 9±2%. This yield of mitochon-
dria recovery is low but comparable to the yields described
in the literature, and can be explained by a significant extent
of breakage of mitochondria during cell disruption with glass
beads [30].
For quantitative assessment of the degree of cytoplasmic
contamination in the purified mitochondrial fraction, we
measured the enzymatic activity of alcohol dehydrogenase.
S. cerevisiae cells contain three NAD-dependent alcohol
dehydrogenases, of which ADHIII is a mitochondrial matrix-
localised isoform. It has been shown that ADHIII accounts
for at most 5% of total cellular alcohol dehydrogenase in
cells grown on 3% ethanol [31]. We measured ADH activity
in mitoplasts (obtained from cells grown on 3% glycerol,
2% ethanol) and found that it was barely detectable. We
therefore concluded that the contribution of mitochondrial
ADHIII to total cellular ADH activity was negligible in the
growth conditions used. Thus, ADH activity detected in
sucrose gradient-purified mitochondria (1.04±0.07 nmol/min,
recovered from 1 mg of yeast cells) can be considered to
Table 1
S. cerevisiae proteins identified in mitochondrial enolase containing complex(es) by mass spectrometric analysis
Gene name Protein description
(SGD database:
www.yeastgenome.org)
Localisation PubMed
access
number
Approach used for identification Total number of
identifications
IP BN-PAGE Mass spectrometry
method
Sequence coverage,
% /number of peptides
recovered
by NanoLC-MS/MS
Mitochondrial transporters
POR1
(YVDAC1)
Mitochondrial porin
(voltage-dependent anion
channel)
MOM 6324273 + MALDI-TOF 36 4
P04840 + MALDI-TOF 49
+ MALDI-TOF 30
P04840 + NanoLC-MS/MS 43/11 peptides
AAC2 Major ADP/ATP carrier
of the mitochondrial
inner membrane
MIM 63222537 + MALDI-TOF 33 6
P18239 + MALDI-TOF 54
+ MALDI-TOF 37
+ MALDI-TOF 43
6319441 + MALDI-TOF 42
P18239 + NanoLC-MS/MS 33/16 peptides
MIR1 Mitochondrial phosphate
carrier
MIM P23641 + MALDI-TOF 27 5
+ MALDI-TOF 27
+ MALDI-TOF 45
+ MALDI-TOF 38
P23641 + NanoLC-MS/MS 24/7 peptides
ATP synthase
ATP1 Alpha subunit of the F1
sector of mitochondrial
F1F0 ATP synthase
MIM 1660995 + + MALDI-TOF 33 3
NanoLC-MS/MS 45/18 peptides
Precursor of alpha subunit
of the F1 sector of
mitochondrial F1F0
ATP synthase
171116 + MALDI-TOF 18
ATP2 Beta subunit of the F1 sector
of mitochondrial F1F0 ATP
synthase
MIM 6322581 + MALDI-TOF 18 2
Precursor of beta subunit of the
mitochondrial F1F0 ATP
synthase
MIM P00830 + NanoLC-MS/MS 62/15 peptides
Carbohydrate metabolism
ENO1 Enolase I - catalyzes the first
common step of glycolysis and
gluconeogenesis
Cyto P00924 + MALDI-TOF 29 1 a
ENO2 Enolase 2 - catalyzes the first
common step of glycolysis and
gluconeogenesis
Cyto NP_012044 + MALDI-TOF 23 1 a
TDH3 Major glyceraldehyde-3-
phosphate dehydrogenase 3
cell wall,
Cyto
6321631 + + MALDI-TOF 33 3
55
P00359 + MALDI-TOF 23
TDH1 Minor glyceraldehyde-3-
phosphate dehydrogenase 1
cell wall,
Cyto
6322409 + MALDI-TOF 26 2
+ MALDI-TOF 44
CIT1 Citrate synthase MM 6324328 + MALDI-TOF 26 2
+ MALDI-TOF 44
MDH1 Mitochondrial malate
dehydrogenase
MM 6322765 + MALDI-TOF 51 2
+ MALDI-TOF 33
Oxidative phosphorylation
RIP1 Ubiquinol-cytochrome-c
reductase, a Rieske iron-sulfur
protein
MIM 14277713 + + MALDI-TOF 63 2
40
RNA metabolism
TEF1 Translational elongation factor
EF-1 alpha
Cyto 6325337 + MALDI-TOF 46 3
+ MALDI-TOF 44
+ MALDI-TOF 49
RPC34 RNA polymerase III
subunit C34
Nucleus P32910 + MALDI-TOF 29 2
+ MALDI-TOF 38
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cytoplasmic contamination was estimated as ADH activity
in the mitochondrial fraction (1.04±0.07 nmol/min) divided
by the activity in spheroplasts (28±1 nmol/min). The
deduced value was 3.8±0.2%, which was subtracted from
calculated glycolytic enzymes activities in the mitochondrial
fraction.
The extent of mitochondria association of each of the 10
glycolytic enzymes was calculated as a percentage of enzymatic
activity detected in the mitochondrial fraction (corrected for the
yield of purified mitochondria and taking into account
cytoplasmic contamination) in comparison to total cellular
activity (the sum of mitochondrial fraction activity plus post-
mitochondrial on), as in [3]. The deduced results are presented
in Fig. 2 and Table S2 (Supplementary material).
We detected the enzymatic activities of all glycolytic
enzymes in the yeast mitochondrial fraction, with percentages
of mitochondria-associated enzyme activities comparable to
those reported for Arabidopsis cells (Fig. 2 and Table S2) [3].
We can thus conclude that the whole glycolytic pathway is, to
some extent, associated with the mitochondria in yeast. The
dominating presence of terminal phase enzymes (phosphogly-
ceromutase, enolase and, mostly, pyruvate kinase) may have a
functional implication for the targeting of pyruvate towards
the mitochondria.
This raises the question of how the glycolytic enzymes
interact with the surface of mitochondria. One possibility is
that some glycolytic enzymes are integrated into the
mitochondrial outer membrane (MOM). In silico analysis of
glycolytic enzymes sequences with the program Tmap from
EMBOSS (http://www.hgmp.mrc.ac.uk/Software/EMBOSS/
Apps/tmap.html) revealed the presence of putative transmem-
brane domains in Pgi1p (aa 279–299), Pgk1p (aa 228–245
and 274–291), and Eno1p/Eno2p (aa 102–130 and aa 33–44
[32]). Another possibility is that glycolytic enzymes are
attached to MOM receptors through protein:protein interac-
tions. This was reported to occur in yeast between hexokinase
and porin [33].
Previously, we have shown that part of the cellular enolase
pool is associated with mitochondria in yeast [16]. This
association was resistant to swelling of the organelles
(hypotonic shock) and to treatment with either NaCl or
Na2CO3. In contrast, enolase was completely released from
mitochondria by proteinase K treatment. Since the behaviour of
enolase resembles that of a bona fide mitochondrial outer
membrane protein (see Fig. 4A–C in Ref. [16]), we considered
the possibility that enolase could anchor other glycolytic
enzymes to the mitochondrial surface. To search for other
proteins interacting with enolase at the mitochondrial surface,
we used two proteomic approaches: blue-native polyacrylamide
gel electrophoresis (BN-PAGE) and immunoprecipitation with
antibodies against enolase.Notes to Table 1:
Abbreviation used for protein localisation: Cyto—cytoplasm; IMS—intermembran
MOM—mitochondrial outer membrane.
a Presence of enolase was confirmed by immunodecoration.3.2. Separation and analysis of yeast mitochondrial enolase
containing complexes by blue-native polyacrylamide gel
electrophoresis
BN-PAGE is a widely used approach to study mitochon-
drial complexes [34]. It allows the separation of native
macromolecular complexes of mitochondrial proteins and
their further identification. Mitochondrial proteins were
solubilized with different detergents (Nonidet-P40, n-dode-
cyl-β-D-maltoside or Triton X-100) using different detergent:
protein ratios. After separation by two-dimensional BN/SDS-
PAGE, complexes were identified by Western blot analysis
with anti-enolase antibodies. The best resolution of enolase-
containing complexes was observed after solubilization of
mitochondria with Triton X-100, at a detergent-to-protein
ratio of 1:1 (v/w) (Fig. 3). These conditions were further
used in all our experiments.
After immunoblotting, we observed three forms of enolase
containing mitochondrial complexes, referred to as EMC 1,
EMC2 and EMC3 (Fig. 3), their respective sizes being
estimated at around 700 kDa, 520 kDa and 350 kDa. Enolase
was the most abundant in the 520 kDa EMC2, which also
contained another glycolytic enzyme, aldolase (Fig. 3). To
identify the protein components of EMC2, part of the lane after
first dimension BN-PAGE was excised, Western blotted and
immunodecorated with antibodies against enolase and aldolase
to estimate the position and size of the band containing EMC2
on the gel. The rest of the EMC2 band was then excised, in-gel
trypsin digested and the resulting peptides were analysed by
mass spectrometry (MALDI-TOF or capillary HPLC coupled
with mass-spectrometry ESI-Q/TOF, nanoLC-MS/MS).
In five independent experiments, we identified a set of 7
different proteins (see Table 1): Por1p/YVDAC1 (mitochon-
drial porin), Aac2p (ADP/ATP carrier), the precursors and
mature forms of Atp1p and Atp2p (α and β subunits of the
F1 sector of ATP synthase), Mir1p (the mitochondrial
phosphate carrier), Rip1p (ubiquinol-cytochrome-c reductase,
a subunit of respiratory chain complex III), and Tdh3p (the
major form of the glycolytic enzyme, glyceraldehyde-3-
phosphate dehydrogenase).
3.3. Characterization of a mitochondrial enolase-containing
complex by immunoprecipitation
To confirm and improve our data on the protein composition
of mitochondrial enolase-containing complex(es), immunopre-
cipitation with antibodies against enolase in combination with
mass spectrometry analysis was used. Purified yeast mitochon-
dria were solubilized by Triton X-100, in the same conditions as
for BN-PAGE, and enolase-containing complexes were immu-
nocaptured by anti-enolase antibodies immobilized on Protein
A-Sepharose. These commercial antibodies were raisede space; MIM—mitochondrial inner membrane; MM—mitochondrial matrix;
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and cannot distinguish between the two yeast enolase
isoforms. Immunoprecipitated proteins were separated by
10% SDS-PAGE, silver stained (Fig. 4A) and then iden-
tified by MALDI-TOF (Table 1). Control immunoprecipita-
tions with either non-specific anti-goat antibodies or Protein
A-Sepharose without antibodies were performed. Proteins non-
specificallybound toProteinA-Sepharoseandanti-goat IgGwere
identified as BSA and proline oxidase (Put1p).
Mass spectrometry analysis allowed us to identify 13
different proteins that coimmunoprecipitated with mitochon-
dria-associated enolase. The results, shown in Table 1, were
obtained from four independent experiments. Among the 13
identified proteins, 6 have also been detected by BN-PAGE
(Por1p, Aac2p, Atp1, Mir1p, Tdh3p, Mir1p; see Table 1). In
addition, we identified the two enolase isoforms (Eno1p and
Eno2p), the minor form of glyceraldehyde-3-phosphate dehy-
drogenase (Tdh1p), two mitochondrial enzymes of the TCA
cycle, citrate synthase (Cit1p) and malate dehydrogenase
(Mdh1p), and two RNA-binding proteins, the cytoplasmic
translation elongation factor EF1-A (Tef1p) and the subunit C34
of RNA-polymerase III (Rpc34p).
A limitation of the immunopurification method is that
transient or weak protein–protein interactions might be unable
to withstand the procedure, and corresponding proteins might
be lost. This could explain the absence of the majority of
glycolytic enzymes among the proteins identified by this
approach. On the other hand, Eno1p and Eno2p were
identified only once by MALDI-TOF. We suggest that the
enolase isoforms were tightly retained by antigen–antibody
interactions on the immobilised antibodies and that the
conditions of elution used (incubation in reducing buffer for
10 min at room temperature) were not stringent enough for
efficient recovery and reproducible identification by mass
spectrometry. To verify this hypothesis, we immunoprecipi-Fig. 4. Characterization of protein components of the immunopurified enolase-conta
the complex immunoprecipitated with anti-enolase antibodies (lane 1). Lane M, molec
IgG (@Goat, lane 2) and without antibodies (w/out antib., lane 3) are shown in the r
signals corresponding to non-specific bands, marked with crosses, were not analysed
antibodies against human α-enolase, aldolase and mitochondrial porin.tated recombinant Eno2p with anti-enolase antibodies immo-
bilized on protein A-Sepharose beads and checked for the
recovery of Eno2p by using two elution methods. When
elution was done by incubation in reducing buffer for 10 min
at room temperature (25 °C), hardly any Eno2p was
recovered (see Fig. S1 in Supplementary material). In
contrast, when elution was by heating the beads for 10 min
at 95 °C in SDS-PAGE sample buffer, Eno2p was efficiently
recovered. However, the elution at 95 °C leads to abundant
presence of IgG heavy chains which can mask other
immunoprecipitated proteins [26]. Therefore, we preferred to
use elution at room temperature in reducing buffer for the
identification of components of the mitochondrial enolase
complex.
To verify if other components of the enolase-containing
complex, EMC2, identified by BN-PAGE are also present in
the immunoprecipitated complex, we performed Western
blotting and immunodecoration of proteins eluted after
immunoprecipitation, a method of visualisation which is
more sensitive than mass spectrometry analysis. This
demonstrated the presence of enolase, aldolase and porin in
the proteins retained on immobilized anti-enolase antibodies
(Fig. 4B). As a control, we used immunodetection with
antibodies against subunit II of cytochrome c oxidase
(Cox2p), mitochondrial Hsp70 (Ssc1p) and the matrix
enzyme aconitase (Aco1p), all of which were not detected
among proteins retained on the immobilized anti-enolase
antibodies (data not shown).
Taken together, the two proteomic approaches permitted
us to identify 13 candidate components in the mitochondrial
complex containing enolase. The presence of glycolytic
enzymes in this complex was not as abundant as expected.
Nevertheless, our activity assays demonstrated that all
glycolytic enzymes activities were associated to some extent
to highly purified yeast mitochondria.ining complex. (A) Silver staining of SDS-PAGE separated proteins eluted from
ular weight standards. Control immunoprecipitations with non-specific anti-goat
ight panel. Proteins identified by mass spectrometric analysis are indicated. The
further. (B) Western analysis of proteins eluted from the enolase complex using
Fig. 5. Presence of the precursor of the mitochondrial lysyl-tRNA synthetase
(preMsk1p) and of the mitochondrially-imported tRNACUU
Lys (tRK1) in the
immunocaptured enolase complex. (A) Immunodetection of preMsk1p in
proteins immunocaptured with immobilized human α-enolase antibodies
(IP@eno) or with anti-goat IgG (IP@goat). The right panel shows western
analysis with antibodies to mitochondrial Hsp70. (B) Presence of tRK1 in the
mitochondrial enolase complex. RNA was extracted from the immunocaptured
enolase complex (IP@eno) and used as a template for RT-PCR with a tRK1
probe (left panel) and a probe of the non-imported tRNAUUU
Lys (tRK2; right
panel). Control RT-PCR's were performed with water (milliQ), with total yeast
RNA and with RNA extracted from a reaction without antibodies (w/out AB).
Amplified products were separated by 10% PAGE. DNA Ladder (1 Kb Plus,
Invitrogen) is presented.
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Lys in the
mitochondria-associated enolase complex
Recently, we have demonstrated that the glycolytic
enzyme enolase-2 is an essential factor for directing the
import of cytoplasmic tRNACUU
Lys (tRK1) into yeast mitochon-
dria [16]. To evaluate whether mitochondria-associated
enolase complex(es) could play a role in tRK1 mitochondrial
import, we checked for the presence in these complex(es) of
preMsk1p, the known import carrier of tRK1 [15]. Immu-
nostaining with anti-Msk1p antibodies revealed the presence
of preMsk1p, both in the EMC2 complex separated by BN/
SDS PAGE (Fig. 3) and in proteins that coimmunoprecipi-
tated with immobilized anti-enolase antibodies (Fig. 5A). In
contrast, the precursors of two other mitochondrial matrix-
imported proteins, i.e., Hsp70p (Fig. 5A) and aconitase (data
not shown), were not detected in the immunoprecipitated
enolase complex, suggesting that the association of preMsk1p
to this complex is specific.
We also checked for the presence of tRK1 in the enolase
complex isolated by immunoprecipitation. For this, we
extracted RNA from the immunoprecipitate and used it as
a matrix for RT-PCR amplification with oligonucleotide
primers specific to either the imported tRK1 or the non-
imported tRK2. We found that tRK1 was present in the
immunoprecipitated material (Fig. 5B). This association of
tRK1 with the enolase complex appears to be specific since
the non-imported tRK2 was not detected in the same
conditions. These data are in favour of a possible
implication of a mitochondrial enolase-containing complex
in the tRNA import pathway.
4. Discussion
Here we present evidence that, in yeast, all enzymes
activities of the glycolytic pathway are, to some extent,
associated to purified mitochondria (Fig. 2). Such a compart-
mentalisation of glycolysis has been shown previously to exist
in Arabidopsis thaliana cells and was proposed to play a role
in the channelling of pyruvate towards the mitochondria [3].
Organisation of enzymes into macromolecular complexes may
be beneficial both in terms of catalytic efficiency (direct
channelling of metabolites can occur between sequential
enzymes) and regulation (via the controlled presence or
absence of enzymes within a complex), and may have other
advantages such as maintenance of salvation capacity and
sequestration of toxic metabolites [35]. The OXPHOS
complexes of the mitochondrial inner membrane are organised
in a “functional multiprotein unit” as a supramolecular
complex [34]. Mitochondrial matrix enzymes of the TCA
cycle were also shown to exist in the form of a sequential
complex, or metabolon, bound to the matrix side of the inner
membrane [36].
In yeast, glycolytic enzymes may form a macromolecular
complex bound to the mitochondrial surface. This hypothesis
is supported by the fact that a fraction of enolase-2 was
found to be tightly bound to mitochondrial membranes [16].We therefore searched for mitochondria associated enolase-
containing complex(es) by using two complementary
approaches, either blue-native gel electrophoresis or immu-
nopurification with immobilized anti-enolase antibodies,
followed by mass spectrometric analysis or immunodecora-
tion. The results obtained are in favour of the existence of
such an enolase complex and allowed to identify several
candidate components. A total of 13 proteins were identified
as candidate components of the mitochondria-associated
enolase complex. These include three glycolytic enzymes
(enolase, aldolase, GAPDH), three mitochondrial transporters
(the outer membrane porin and the inner membrane ADP/
ATP carrier Aac2p and inorganic phosphate carrier Mir1p),
two ATP synthase subunits (Atp1p, Atp2p), the Rieske iron–
sulfur protein of respiratory chain complex III (Rip1p), two
enzymes of the TCA cycle (citrate synthase and malate
dehydrogenase), and two proteins involved in RNA metabolism
(translation elongation factor EF-1A, subunit C34 of RNA
polymerase III) (see Table 1, Figs. 3 and 4). In addition, the
mitochondrially-imported tRNACUU
Lys as well as its presumed
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synthetase [15], were also found to be present (Fig. 5).
It must be stressed that the majority of glycolytic enzymes
were not detected in the characterized mitochondrial enolase
complex(es), whereas all their enzymes activities were found to
be associated (to some extent) to purified mitochondria
preparations. A possible explanation for this discrepancy is
that most of these enzymes may bind by weak protein: protein
interactions to the complex and may have been lost during BN-
PAGE separation and immunoprecipitation.
Among the identified candidate components of the mito-
chondrial enolase complex, the outer membrane porin (Por1p)
and the inner membrane ADP/ATP (Aac2p) and phosphate
(Mir1p) carriers were reproducibly detected in both our BN-
PAGE and immunoprecipitation experiments. However, these
transporters correspond to major proteins of the mitochondrial
membranes and were previously found to be present in several
mitochondrial complexes [5,37,38]. Whether their presence in
the mitochondrial enolase complex results from specific
association or from contamination is therefore an open question.
If we assume that this association is specific, we can propose
that porin interacts with enolase (or another glycolytic enzyme)
on the cytoplasmic side of the outer membrane and with the
ADP/ATP transporter and inorganic phosphate carrier in the
intermembrane space and inner membrane. It is assumed that
the mitochondrial permeability transition pore is formed by
porin in the outer membrane and by the ADP/ATP carrier in the
inner membrane [39]. Since it was shown that mitochondrial
transporters do not face to a significant extent out of the
mitochondrial inner membrane [40], we suggest that Mir1p and
Aac2p may interact through their transmembrane parts.
What might be the role of the mitochondrial permeability
transition pore and associated phosphate carrier Mir1p in the
mitochondrial enolase complex? Such a role may be related
to the mitochondrial transport of pyruvate, the terminal
product of glycolysis. It has been suggested that the protein
encoded by YIL006w/NDT1, another member of the
mitochondrial carrier family, corresponds to the mitochon-
drial pyruvate transporter [41]. This assumption was based
on the fact that the YIL006w deletion mutant exhibited no
inhibitor-sensitive pyruvate transport. However, it was
recently demonstrated that YIL006w/NDT1 encodes in fact
a mitochondrial transporter for NAD+, and that recombinant
and reconstituted Ndt1p does not transport pyruvate [42].
Thus, the identity of the mitochondrial pyruvate transporter
remains still elusive.
The presence of two TCA cycle enzymes, citrate synthase
and malate dehydrogenase, in the mitochondria-associated
enolase complex may be of functional significance, since
mitochondrially-imported pyruvate is consumed in the TCA
cycle. We therefore suggest that the characterized enolase
complex provides a physical link between the glycolytic
pathway and the TCA cycle and serves as a device to bring
pyruvate to the site of its consumption within mitochondria.
The fact that tRK1 and its possible import carrier,
preMsk1p, were both detected in the mitochondrial enolase
complex is in line with a role of enolase in the tRNAimport process. Indeed, we have shown previously that
soluble enolase can specifically interact with tRK1 in the
cytoplasm and favour the binding of the tRNA to preMsk1p
[16]. We therefore proposed a model suggesting that a
portion of cellular enolase, which is delivered towards
mitochondria, may recognize tRK1 in the cytosol and
deliver it to preMsk1p, which is synthesized on mitochon-
dria-attached polysomes. We propose here that, once the
tRK1 molecule is detached, enolase may be inserted in a
mitochondrial multiprotein complex on the mitochondrial
outer membrane. The enolase complex may serve as a
scaffold for this process and some of its components could
help in transmembrane translocation of the tRNA, either
through the protein import channel (as a tRK1–preMsk1p
complex, [15]) or through another mitochondrial membrane
channel. In plants, VDAC/porin has been suggested to be
involved in tRNA mitochondrial import (Marechal-Drouard,
L., personal communication) and, also, the permeability
transition pore was proposed to play role in DNA import
[43]. A better understanding of the mechanism of tRNA
translocation across mitochondrial membranes in yeast
awaits further investigation.
In conclusion, the present work provides evidence for the
existence of a complex involving enolase and other
glycolytic enzymes on the surface of yeast mitochondria.
This complex might have two roles. On one hand, it could
allow and regulate the channelling of pyruvate (the terminal
product of glycolysis) towards its site of consumption within
mitochondria. On the other hand, this complex might also
be involved in the process of tRNA import into mitochon-
dria. Therefore, our results provide a heretofore unsuspected
link between glycolysis and tRNA mitochondrial import,
previously thought to be independent cellular processes.
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